The purpose of the present study was to investigate whether water-insoluble fish protein (IFP) from Alaska pollock (Theragra chalcogramma) prevents hypercholesterolaemia induced by ovarian hormone deficiency. Wistar female rats, aged 6 months, were subjected to sham-operation or ovariectomy, and fed a cholesterol-free diet containing casein or IPF as a protein source for 28 d. Body-weight gain and food intake increased in the ovariectomised rats as compared with the sham-operated rats. Plasma total cholesterol concentration was decreased and faecal bile acid excretion was increased by IFP in the ovariectomised rats, but not in the sham-operated rats. Plasma homocysteine concentration was decreased by IFP in the ovariectomised rats, but not in the sham-operated rats. Liver lipids and liver cholesterol concentrations were increased and cholesterol 7a-hydroxylase (CYP7A1) activity was decreased by ovariectomy, but not by diet. Bile acid content and the ratio of cholic acid groups to chenodeoxycholic acid groups in bile were increased by ovariectomy, but decreased by IFP. Bile acid content in the small intestine was increased by IFP in the ovariectomised rats, but not in the sham-operated rats. 3-Hydroxy-3-methylglutaryl-CoA reductase and microsomal TAG transfer protein mRNA levels were decreased by ovariectomy and IFP, whereas LDL-receptor mRNA level was decreased by ovariectomy but unaffected by diet. Thus, the preventive effect of IFP on the ovarian hormone deficiency-associated increase in plasma cholesterol concentration seems to be mediated by accelerated faecal excretion of bile acids, coupled with an increase in the intestinal pool of bile acids.
It is well known that lipid metabolism is influenced by sex hormones in animals and humans (1, 2) . Sex hormones such as oestrogen have a major impact on atherosclerotic processes, and studies in animal models have shown that oestrogen inhibits the development of atherosclerotic lesions (3, 4) . Oestrogen deficiency is associated with changes in blood lipid levels. It is now clear that oestrogen deficiency plays a key pathogenetic role in the development of CHD in women, as supported by several epidemiological findings (5, 6) . Oestrogen replacement therapy in postmenopausal women provides a protective effect against CHD. However, various side-effects, such as breast cancer, resumption of menses and weight gain, have consistently accompanied this treatment (7, 8) .
Dietary fats and cholesterol have been among the most studied nutrients with regard to plasma cholesterol. Food also contains other nutrients, such as dietary proteins, which have important physiological and metabolic effects on cholesterol metabolism. It has been established that dietary proteins influence lipid metabolism in humans and animals (9) . Most studies have focused on the effects of soya protein compared with casein. It is often assumed that all animal proteins behave like casein and that all plant proteins behave like soya protein with respect to lipid and lipoprotein metabolism (10) . However, it is well known that the nature of dietary protein influences blood lipid levels.
Fish consumption has been shown to be inversely associated with the risk of CHD (11) . Many studies have reported that the lower incidence of CHD among populations consuming fishrich diets has been attributed to a hypocholesterolaemic effect of fish oil (12) . Only a limited number of studies have investigated the hypocholesterolaemic effect of another macronutrient in fish, namely fish protein. Proteins from different fish species have been proved to reduce the plasma cholesterol concentration in animals when compared with casein (13, 14) . Fish proteins play an important role in human nutrition worldwide. Surimi, the water-insoluble fish protein (IFP) prepared by washing minced fish meat with water, is a useful ingredient in processed sea foods such as fish cakes (kamaboko) and fish sausage in Japan.
Ovariectomy can minimise the interference of endogenous oestrogens and mimics postmenopausal conditions. Not much is known about the effects of dietary fish protein on lipid metabolism in ovariectomised rats. Therefore, in the present study, we investigated the effect of IFP from Alaska pollock (Theragra chalcogramma) on lipid metabolism in ovariectomised rats. Casein was used as the reference.
Materials and methods

Test materials
Water-insoluble fish protein. IFP was donated by Nippon Suisan Kaisha, Ltd (Tokyo, Japan). IFP was prepared by washing minced Alaska pollock meat with water, a process that removes water-soluble proteins and fat. IFP was cut into small pieces, freeze-dried and powdered.
Casein. Acid-precipitated lactic casein (30 mesh) was purchased from New Zealand Daily Board (Wellington, New Zealand).
Protein and lipid content. The protein content of IFP and casein was determined by the Kjeldahl method, with an N:protein conversion factor of 6·25. The lipid content of IPF and casein was determined by the Soxhlet method. The protein content and lipid content of IFP and casein were 91·4 and 0·04 g/100 g, and 89·3 and 0·12 g/100 g, respectively.
Animals and diets
The present study was approved by the Laboratory Animal Care Committee of Ehime University. Rats were maintained in accordance with the Guidelines for the Care and Use of Laboratory Animals of Ehime University.
Female Wistar rats, aged 6 months (twenty-four rats for experiment 1 and twenty-four rats for experiment 2), were housed individually in screen-bottomed, stainless-steel cages in a room maintained at 23^18C with a 12 h light-dark cycle (lights on 07.00 -19.00 hours). The rats were acclimatised by being fed a commercial solid diet (MF; Oriental Yeast Co., Osaka, Japan) for 7 d. After acclimatisation, they were divided into two groups of twelve rats each. A bilateral ovariectomy was performed on one group, and a sham-operation on the other, under sodium pentobarbital anaesthesia (Nembutal, 30 mg/kg body weight, intraperitoneal injection; Abbott, North Chicago, IL, USA). The rats were then fed a commercial solid diet (MF; Oriental Yeast Co.) during the 8 d recovery period. The sham-operated rats and ovariectomised rats were each divided into two groups of six animals on the basis of body weight, and these groups were fed either the casein diet or the IFP diet for 28 d. The composition of the two test diets is shown in Table 1 . The diets were based on AIN-93 guidelines for rodent diets (15) . For each rat, body weight and food intake were recorded daily in the morning before the food was replaced. The amino acid composition of the casein and fish diets was determined with an amino acid analyser (model JCL-555/V; Japan Electron Optics Laboratory Co., Ltd, Tokyo, Japan) (16) (Table 2) .
Experiment 1
Sampling and analytical procedures. Before the rats were killed, faeces were collected from each rat over the final 3 d of the experimental period. The faeces were freeze-dried, weighed and milled. On the last day of the experimental period, a blood sample was collected from the neck at midnight from fed rats into a blood collection tube (Vacutainer; Becton Dickinson, Franklin Lakes, NJ, USA) that contained heparin as an anticoagulant. The plasma was separated by centrifugation at 1400 g at 48C for 15 min and stored at 2508C until analysis. After blood collection, the liver was immediately perfused with cold saline (9 g NaCl/l), removed, washed with cold saline, blotted dry on filter paper, weighed, and stored at 2508C until analysis. After the liver had been removed, the small intestine was removed. The contents of the small intestine were transferred into a pre-weighed tube, freeze-dried and weighed.
Biochemical analysis. The concentration of total cholesterol and TAG in the plasma was determined enzymically by using commercial diagnostic kits (Cholesterol E-Test Wako and Triglyceride E-Test Wako; Wako Pure Chemical Industries, Osaka, Japan). Plasma lipoprotein fractions (VLDL, d , 1·006; LDL, d ¼ 1·006 -1·063; HDL, d ¼ 1·063-1·210) were separated by stepwise density-gradient ultracentrifugation in a TL-100 ultracentrifuge (Beckmann Instruments Inc., Palo Alto, CA, USA). The cholesterol and TAG concentrations of the lipoprotein fractions were determined enzymically by using commercial kits (Cholesterol E Test Wako and Triglyceride E-Test Wako). The total lipid content in the liver was determined gravimetrically after extraction by the method of Folch et al. (17) . The liver (15) . ‡ The vitamin mixture contained 20 g choline bitartrate per 100 g. cholesterol and TAG concentrations were determined enzymically as previously described (18) . Cholesterol 7a-hydroxylase (CYP7A1) activity in the liver was determined according to the method of Ogishima & Okuda (19) . The serum total homocysteine concentration was measured by the HPLC method of Araki & Sako (20) .
Steroids were extracted from faeces with a mixture of chloroform-methanol (1:1, v/v) at 708C for 60 h (21) . The amount of bile acids in faeces was determined enzymically by the 3a-dehydrogenase assay method of Sheltaway & Losowsky using taurocholic acid as a standard (22) .
RNA extraction from the liver and reverse transcriptase polymerase chain reaction analysis of gene expression. Total RNA was extracted from frozen livers according to the method described by Chomczynski & Sacchi (23) . RNA integrity was verified by agarose gel electrophoresis after purification of the mRNA with Oligotex-dT30 (Takara Bio, Shiga, Japan). A quantity of 1 mg of mRNA was used for cDNA synthesis with 10 units of AMV RT (Takara Bio, Shiga, Japan) and 2 ml of oligo(dT) primer (Novagen, Inc., Madison, WI, USA) according to the manufacturer's instructions. Expression of the mRNA for acyl-CoA-cholesterol acyltransferase (ACAT)-1, ACAT-2, cholesterol 27-hydroxylase (CYP27A1), cholesterol 12a-hydroxylase (CYP8B1), farnesoid X receptor, 3-hydroxy-3-methylglutaryl-CoA reductase, LDL-receptor, liver X receptor, microsomal TAG transfer protein, sterol regulatory element-binding protein (SREBP)-1a, SREBP-1c, SREBP-2 and b-actin, as a housekeeping gene for normalisation, was determined by real-time monitoring of PCR using a Light Cycler instrument (Roche Diagnostics, Mannheim, Germany). cDNA (2 ml) was amplified in a total volume of 20 ml by using the 2 £ QuantiTect SYBR Green RT-PCR Master Mix (Qiagen, Hilden, Germany) and specific primers each at 0·5 M. After initial denaturation and activation of the polymerase at 958C for 15 min, fifty cycles were performed with annealing at the temperatures shown in Table 3 for 25 s, synthesis at 728C for 30 s, and denaturation at 948C for 15 s. Fluorescence was measured at the end of the elongation step at 728C. The sequences of the gene-specific primers (Carl Roth, Karlsruhe, Germany) that were used in the present study are listed in Table 3 . Relative gene expression was calculated by using the crossing point of each target gene; the b-actin gene was used as the reference.
Experiment 2
Sampling and analytical procedures. Before the rats were killed, faeces were collected from each rat over the final 3 d of the experimental period. At the end of the experiment, fed (non-fasting) rats were anaesthetised by intraperitoneal injection of sodium pentobarbital (40 mg/kg body weight). A mid-line laparotomy was performed, and the bile duct was exposed and ligated distally. The bile duct was then cannulated with a PE-10 polyethylene tube (Clay Adams, Parsippany, NJ, USA), and bile was collected into a preweighed tube that had been cooled on ice for 30 min. The bile volume was determined gravimetrically, assuming a bile density of 1·0. After bile collection, the small intestine and caecum were removed. The contents of the small intestine and caecum were transferred into a pre-weighed tube, freeze-dried and weighed. The amount of bile acids in the Table 3 . small intestine and caecum, and in faeces was determined by the same method used in experiment 1.
Analysis of bile. The amount of cholesterol in bile was analysed by a capillary GLC (model HP5890A; Hewlett Packard, Palo Alto, CA, USA) equipped with a flameionisation detector and a capillary column (30 m £ 0·53 mm inner diameter) coated with DB-1 (J&W Scientific, Folsom, CA, USA) (24) . The oven temperature was 2608C and the flow rate of the He carrier gas was 16·9 ml/min. 5a-Cholestane (Nacalai Tesque Inc., Kyoto, Japan) was used as the initial standard for cholesterol analysis. The amount and composition of bile acid in bile were analysed by a capillary GLC (model HP5890A; Hewlett Packard, Palo Alto, CA, USA) equipped with a flame-ionisation detector and a capillary column (30 m £ 0·25 mm inner diameter) coated with DB-210 (J&W Scientific, Folsom, CA, USA) (25) . The oven temperature was programmed to increase from 60 to 2358C at the rate of 108C/min, and the flow rate of the He carrier gas was 1·5 ml/min. Nordeoxycholic acid (Steraloid Inc., Wilton, NH, USA) was used as the initial standard for bile acid analysis. The standard bile acids, cholic acid, deoxycholic acid, 12-oxo-chenodeoxycholic acid, 12-oxo-lithocholic acid, chenodeoxycholic acid, a-muricholic acid, b-muricholic acid, v-muricholic acid, lithocholic acid, hyodeoxycholic acid and ursodeoxycholic acid, were purchased from Steraloids Inc. (Steraloid Inc., Wilton, NH, USA).
Statistical analyses
Data are expressed as mean values with their standard errors (n 6). Two-way ANOVA (StatView version 4.5; Abacus Concepts, Berkeley, CA, USA) was used to test the significance of the effects of diet and ovariectomy, and their interaction. Individual comparisons were made by Tukey's multiple-range test using the Super ANOVA statistical software package (Abacus Concepts). Differences were considered to be significant at P, 0·05.
Results
Experiment 1
Body-weight gain and food intake were increased by ovariectomy, but were not affected by diet ( Table 4 ). The concentration of plasma total cholesterol was not affected by diet in the sham-operated rats, but was decreased by the IFP diet in the ovariectomised rats. Plasma LDL-cholesterol concentrations was increased by ovariectomy, whereas plasma VLDL-cholesterol concentration was not affected. Plasma VLDL-cholesterol and LDL-cholesterol concentrations were decreased by the IFP diet. Plasma total, VLDL-, LDL-and HDL-TAG concentrations were not affected by diet or ovariectomy. Plasma apoA-1 concentration was increased by the IFP diet and ovariectomy. Plasma apoB concentration was increased in the casein diet-fed sham-operated rats only, and plasma apoE concentration was decreased in the IFP diet-fed sham-operated rats only. The plasma homocysteine concentration was not affected by diet in the sham-operated rats, but was decreased by the IFP diet in the ovariectomised rats.
Liver weight and the concentration of total lipids and TAG in the liver were increased by ovariectomy ( Table 5 ). In the sham-operated rats, the concentration of total cholesterol in the liver was increased by the casein diet. The concentration of non-esterified cholesterol in the liver was not affected by diet, but was increased by ovariectomy. The concentration of hepatic esterified cholesterol was decreased in the casein dietfed sham-operated rats only. Hepatic CYP7A1 activity was decreased by ovariectomy, and that in the sham-operated rats was decreased by the IFP diet. The faecal excretion of bile acids was increased by ovariectomy, and was increased further by the IFP diet. The levels of ACAT-1, farnesoid X receptor, RXR, SREBP-1a and SREBP-2 mRNA were not affected by diet or ovariectomy (data not shown). The levels of 3-hydroxy-3-methylglutaryl-CoA reductase and microsomal TAG transfer protein mRNA were decreased by the IFP diet and ovariectomy, whereas the level of SREBP-1c mRNA was increased by the IFP diet and ovariectomy ( Table 6 ). The levels of ACAT-2, CYP27A1, CYP8A1 and liver X receptor-a mRNA tended to be decreased by the IFP diet (P¼0·0632, 0·0869, 0·0680 and 0·0712), but were not affected by ovariectomy (data not shown). The level of LDL-receptor mRNA was decreased by ovariectomy, and tended to be decreased by the IFP diet (P¼0·1078).
Experiment 2
Bile flow in the rats fed the casein diet was decreased by ovariectomy; however, that in the rats fed the IFP diet was not affected by ovariectomy. The concentration of biliary bile acids was increased by ovariectomy, but was decreased by the IFP diet ( Table 7 ). The concentration of biliary cholesterol tended to be decreased by ovariectomy (P¼0·0954). The cholic acid group:chenodeoxycholic acid group ratio of biliary bile acids was decreased by ovariectomy, but was not affected by diet.
The amount of bile acids in the small intestine and caecum was increased by the IFP diet in the ovariectomised rats, but was not affected by diet in the sham-operated rats. The dry weight of the small intestine and caecum contents was not affected by diet. The dry weight of faeces extracted per d was not affected by diet. The amount of bile acids extracted per d in faeces was not affected by diet in the sham-operated rats, but was increased by the IFP diet in the ovariectomised rats. 
Discussion
The concentration of plasma total cholesterol was significantly decreased by the IFP diet in the ovariectomised rats, but not in the sham-operated rats. Because the experimental diets did not contain cholesterol, it is clear that this hypocholesterolaemic effect of the IFP diet must be due to changes in the endogenous cholesterol metabolism of the rats.
Oestrogen is known to influence lipoprotein and hepatic cholesterol metabolism (26) . Oestrogen up-regulates LDLreceptor gene expression in rat liver (27, 28) . In the present study, the level of LDL-receptor mRNA was decreased by ovariectomy.
Shukla et al. (29) have reported that the LDL-receptor mRNA level in rats fed fish protein is significantly higher than that in rats fed casein. Therefore, the higher mRNA level of LDL-receptor in the liver of rats fed fish protein might possibly contribute to increased removal of LDL from the circulation, resulting in a decrease in plasma cholesterol concentration. In the present study, plasma LDL-cholesterol concentration was decreased by the IFP diet.
Ovariectomy in the rat has been shown to result in an increase in the plasma concentrations of cholesterol, apoB and apoE (30) . ApoB is the primary apolipoprotein of LDL and is absolutely required for LDL formation. However, there was not a significant correlation between the concentration of apoB and that of LDL-cholesterol.
Although the mechanism by which dietary proteins exert differential actions on plasma cholesterol has not been fully elucidated, one plausible explanation for the hypocholesterolaemic effect of plant proteins would be decreased intestinal absorption, and increased faecal excretion, of cholesterol and bile acids. The possibility that indigestible protein and peptides remaining after digestion can specifically bind bile acids and inhibit the micellar solubility of cholesterol, thereby leading to an increase in its faecal excretion, has attracted much attention and remains a major area of investigation with regard to the mechanism. Both hydrophobic peptides and the undigested high-molecular fraction of soya protein can bind bile acids (31, 32) . Soya protein isolate is known to decrease the intestinal absorption of cholesterol and bile acids, and to increase their faecal excretion (33) . The protease-resistant fraction of smoked, dried bonito can bind bile acids (N Mori and K Ebihara, unpublished results). In the present study, the faecal excretion of bile acids was increased by the IPF diet in the ovariectomised rats only. Thus, IFP may be able to bind bile acids.
The acidic pathway, which is regulated by CYP27A1 and produces mainly chenodeoxycholic acid, may contribute .50 % of the total bile acid synthesis in the rat (34) . In the intestine, cholic acid is absorbed much more efficiently than chenodeoxycholic acid (35) . The amount of bile acids in the small intestine and caecum, as well as the faecal excretion of bile acids, was greater in the ovariectomised rats fed the IFP diet than in those fed the casein diet. Therefore, greater faecal bile acids excretion as a consequence of a reduction in intestinal absorption would be largely attributable to the hypocholesterolaemic effect of IFP in the ovariectomised rats. In the present study, however, the level of CYP27A1 mRNA was not affected by diet and the amount of cholic acid in bile was greater than that of chenodeoxycholic acid in the ovariectomised rats. Another plausible explanation is an increase in the biliary production of bile acids. The activity and mRNA level of CYP7A1, the rate-limiting enzyme in the bile acid biosynthetic pathway, as well as bile acid synthesis, are reduced in oestrogen-treated rats (36) . In addition, the level of CYP7A1 mRNA is decreased by ethinyl oestradiol in rats (37) . In the present study, the level of CYP7A1 mRNA was not affected by ovariectomy and diet. In the ovariectomised rats, however, the excretion of bile acids via the faeces was significantly increased by the IFP diet as compared with the casein diet. Therefore, a decrease in plasma cholesterol concentration in the ovariectomised rats fed the IFP diet as compared with the casein diet would depend on an increase in the faecal excretion of bile acids. In the ovariectomised rats, the amount of bile acids present in the small intestine and caecum was significantly increased by the IFP diet as compared with the casein diet, which suggests that the reabsorption of bile acids from these organs was prevented by IFP. In our previous study, we found that the mRNA level of ileal bile acid transporter (IBAT) was significantly lower in rats fed the IFP diet compared with rats fed the casein diet (M Kato and K Ebihara, unpublished results). Thus, the increased amount of bile acids present in the small intestine and caecum might be coupled with decreased reabsorption of bile acids from the ileum through a decrease in IBAT.
Although the mechanism of the hypocholesterolaemic effect of plant proteins is not yet fully understood, proteins with different amino acid composition show differences in their hypocholesterolaemic effects. Dietary proteins with a higher Arg:Lys ratio lower the serum cholesterol of rats (38) and can result in an increase in hepatic CYP7A1 activity (39) . The Arg:Lys ratio (w/w) was higher in the IFP diet (0·50) than in the casein diet (0·37). Plasma total cholesterol was decreased by the IFP diet. Conversion of cholesterol to bile acids is the major regulated pathway by which cholesterol is removed from the body. An increased faecal excretion of bile acids is also considered as a factor of the hypocholesterolaemic effect of IFP. Hepatic CYP7A1 is an enzyme catalysing the rate-limiting step of the bile acid synthetic pathway. However, hepatic CYP7A1 activity was decreased by the IFP diet. It should be mentioned that data arguing against the abovementioned hypothesis have also been reported (40) ; therefore, this idea remains to be proved.
Postmenopausal women have higher homocysteine levels than premenopausal women (41, 42) . Recent studies suggest that increased blood homocysteine levels are as important as high blood cholesterol levels. A high plasma homocysteine concentration induces pathological changes in the arterial wall and thus is strongly associated with an increased risk of atherosclerosis (43) . Plasma homocysteine levels have been shown to correlate significantly with LDL-cholesterol (44, 45) . However, some studies did not find an association between serum cholesterol and homocysteine (46) , and found that elevated homocysteine concentration was not associated with an increased risk of atherosclerosis (47) .
In the present study, plasma homocysteine concentration was not affected by ovariectomy; in ovariectomised rats, however, it was significantly decreased by the IFP diet.
Because hepatic cholesterol homeostasis is achieved by a balance of biosynthesis, storage, catabolism and export, processes that influence cholesterol excretion may have contributed to the observed accumulation of cholesterol in the livers of sham-operated rats fed the casein diet. Normally, excess cholesterol is eliminated from the liver mainly via bile acids, and CYP7A1 is an enzyme involved in the synthesis of bile acids from cholesterol (48) . In the sham-operated rats, the relative mRNA concentration of CYP7A1 in the liver was increased by the casein diet; however, the amount of bile acids excreted via the faeces was not affected by diet. Therefore, the accumulations of total and esterified cholesterol in the livers of the sham-operated rats fed the casein diet might not be due to its reduced excretion via bile acids.
It is known that the expression of fatty acid synthase is promoted by the activation of SREBP-1c (49, 50) . Fatty acids are the major components of TAG. Liver weight and TAG concentration in the liver were increased by ovariectomy. The level of SREBP-1c mRNA was increased by ovariectomy. The level of SREBP 1-c mRNA was higher in the rats fed the IFP diet than in those fed the casein diet; however, the IFP diet decreased the concentration of TAG in the liver. Faecal excretion of bile acids was increased by the IFP diet feeding. The reduction of TAG concentrations in the liver by the IFP diet could be due, at least in part, to a reduction of intestinal fat absorption.
In conclusion, IFP decreased plasma total cholesterol concentration and increased faecal bile acid excretion in ovariectomised rats, but not in sham-operated rats. The preventive effect of IFP on the ovarian hormone deficiencyassociated increase in plasma cholesterol seems to be mediated by accelerated faecal excretion of bile acids, coupled with an increase in the intestinal pool of bile acids.
